I. Introduction
HE DMSP/SSUSI sensors are intended to provide a description of the upper atmospheric and auroral states on a global basis. The DMSP F16 satellite was launched in October 2003 into an 830 km altitude orbit at 98 degrees inclination. Since 2004, this SSUSI instrument, 1, 2 operating in the far ultra-violet (FUV), has provided continuous daily global observations of the night side ionosphere. The DMSP F16 spacecraft orbits at fixed local solar times, passing over geographic locations at 8AM/8PM LT. These nighttime UV radiance observations have been previously used as empirical input to ionospheric models such as USU GAIM 3, 4 ; the orbit and observation geometry of this instrument, however, allow for a direct imaging of the ionosphere background and superimposed plasma bubbles. Here we exploit this direct imaging of plasma bubbles to investigate the impact they have on radio propagation.
T
Plasma instabilities known as "Equatorial Spread F" (ESF) have been observed and studied since measurements were compiled at the Jicamarca Radar Observatory in Peru in 1970. 5 After several decades of observation, modeling, and theory, a complete understanding of ESF is still elusive. The ability to understand, characterize, and predict these plasma depletions is still highly desirable. The most widely accepted theory is that ESF evolution is driven by the gravitational Rayleigh-Taylor (R-T) instability, where plasma density gradients are gravitationally unstable. This scenario is created in the post-sunset ionosphere through recombination at lower altitudes, resulting in a layer of high electron density in the F region above a region of low electron density.
Some types of ESF events are termed Equatorial Plasma Bubbles (EPBs) referring to regions of depleted plasma density that typically originate in the bottom side post-sunset ionosphere and, while longitudinally thin, extend latitudinally along magnetic field lines. EPBs can extend vertically to altitudes above 1000 km. Once they form, they develop a westward tilt with increasing altitude as they drift eastward. Large bubble structures persist throughout the night until ionization resumes the next morning.
irregularities are the strongest. The unique observation geometry of the SSUSI sensor allows for three dimensional reconstruction of ionosphere electron density with a tomographic inversion technique, mapping the multidimensional structure of EPBs.
The ionosphere significantly effects propagation of radio waves in the frequency range of HF (3-30 MHz) to ultra high frequency (UHF, 300 MHz to 3 GHz). Types of effects vary according to frequency, from refraction of HF signals to scintillation of UHF signals. The additional effects of EPBs on these signals is not typically explored with radio propagation tools due to the lack of continuous data detailing three dimensional EPB structure over a wide geographic area. EPBs seen with SSUSI are on the order of hundreds of km in size, most visibly altering the refraction of HF signals. These bubbles cause anomalous refraction and even ducting in certain circumstances. These EPBs also contain the smaller scale structure that can cause scintillation of trans-ionospheric (VHF/UHF) radio signals; however this structure is smaller than the resolution of the SSUSI reconstructions and is not studied here. We focus on the refraction of HF signals in and around these bubbles by coupling SSUSI 3D reconstructions with a 3D radio propagation tool.
In this paper, we first describe the three dimensional ionosphere reconstruction process, followed by an overview of the HF propagation model. We then present sample cases of anomalous refraction through irregularities found in the SSUSI reconstructions and the calculation of instantaneous MUF.
II. 3D SSUSI Ionosphere Reconstructions
The SSUSI instrument is a hyperspectral imager -an imaging spectrograph with a two-dimensional focal plane fed by a scan mirror. The focal plane provides one spatial dimension (in the orbital plane) and one spectral dimension. The imaging spectrograph scans spatially across the satellite track, sweeping from horizon to horizon perpendicular to the spacecraft motion. The scan views both the Earth and limb, allowing for observation of Earth's surface as well as the height dimension. The multiple lines of sight obtained when the scan mirror redirects the field of view in the cross track direction enable the construction of a 3D image cube. Fig. 1 (left) shows the SSUSI instrument concept.
The instrument operates in the FUV spectral region, with wavelengths from 120 nm to 180 nm. The detector, which is only represented in the crudest sense, sees light dispersed by a grating. The photocathode on the front of the intensifier is solar blind ensuring that only radiation from the upper atmosphere is seen. At night we observe emission at 135. 6 The tomographic reconstruction process is described in detail in Refs. 8 and 9 as applied to the NASA Thermosphere Ionosphere Mesosphere Energetics and Dynamics (TIMED) satellite Global Ultraviolet Imager (GUVI) UV data; the similarities between the GUVI and SSUSI instruments allow for this method to be extended and applied to SSUSI data. In short, electron density profiles are retrieved from the UV observations by tomographic inversion of overlapping scans in a region of interest. In order to reconstruct the electron densities, a forward model must be constructed projecting the discrete resolution grid of electron density values onto the series of SSUSI intensity measurements. The forward model can then be represented as a matrix equation, which enables the tomographic reconstruction of an electron density profile to be cast as a matrix inversion problem.
The limited angular range of the observations and the low signal-to-noise ratio necessitate additional constraints to yield an accurate, high-resolution reconstruction. Ionospheric structures are generally field aligned. In the equatorial region, field aligned structures are approximately longitudinally aligned, resulting in relatively constant electron density locally with respect to latitude. If the segment of the ionosphere is assumed constant over a 10 degree latitude window, the electron density reconstruction reduces to a 2D tomographic inversion problem. This is applied to each altitude-longitude slice, and the 3D profile is produced by stacking twelve 2D slices in the latitude dimension along the orbit track (see Fig. 1 ionosphere. The IRI-2001 model provides monthly averages of electron density, and Fig. 2 shows that the run results in a smooth variation in electron density, the equatorial ionization arcs well defined. The SSUSI reconstruction also shows the equatorial ionization arcs, but they have a broken up structure and superimposed on these high density regions are irregularities and depleted regions. Another noteworthy point is that the maximum critical plasma frequency in the ionization arcs is approximately 6 MHz higher in the SSUSI reconstruction than in the IRI-2001 model.
III. Radio Propagation Modeling
Our radio propagation model is based on the standard Jones-Stephenson ray tracing algorithm. 12 Ray tracing routines solve a coupled system of six first-order, non-linear differential equations describing the three ray path position components and the three propagation vector (normalized wave normal direction) components. This particular algorithm solves Hamilton's equations in three dimensions in spherical coordinates assuming time independence (the timescale of natural evolution of the ionosphere being large compared to the propagation timescale of a radio signal). The Hamiltonian depends on the ionospheric refractive index, for which we have chosen the Appleton-Hartree formula
where X is the ratio of the square of the plasma frequency to the wave carrier frequency f p 2 /f 2 , U = 1-iZ is the measure of the effect of absorption, Z=ν/ω being the ratio of the electron collision frequency and carrier frequency, Y=ω H /ω is the measure of the effect of the Earth's magnetic field, equal to the ratio of the gyro-frequency to the carrier frequency, and finally Θ is the angle between the wave vector and magnetic field line.
The main refraction effects are captured in the variable X, with the plasma frequency, f p = 8.98 × 10 -6 n e -1/2 , dependent on electron density specified by the SSUSI reconstructions. The magnetic field in our model is specified by a tilted dipole, with the magnetic north pole at 79.7°N 288.2°E (geodetic, IGRF-2005). Magnetoionic splitting of the ray into ordinary and extraordinary polarizations is taken into account using the ± in the denominator of Eq. (2). This algorithm is capable of tracing both types of rays. Signal attenuation effects on the wave path are extremely small, and will be neglected here. Once the six coupled equations are solved, the additional quantities of Doppler shift, group path, and phase path can be calculated by integration of each corresponding differential equation.
We have ported the original Jones-Stephenson FORTRAN code to IDL, replacing original math components (e.g. numerical integration, interpolation) with more recent, IDL-optimized routines. The SSUSI data is imported as a three dimensional grid of electron density values at geodetic latitude, longitude and altitude grid positions and regridded to geomagnetic coordinates, the computational coordinate system of the ray tracing algorithm. The electron density between grid points is calculated using three dimensional linear interpolation. To compare results from ray tracing through the SSUSI reconstructions with a climatological electron density model, we have integrated IRI-2001 model electron density volumes into the ray tracing code in an analogous manner.
In Fig. 3 we show an example of ray tracing results through a slice of the SSUSI reconstruction and the IRI-2001 model. ** In this case, the ordinary rays were launched at -14°N 21°E northward (0° azimuth) with elevation varied between 10° and 80° (at 2° increments), passing through the equatorial ionization arcs. Comparing the vertical slice through the SSUSI reconstruction volume and that from IRI-2001, the arcs are at similar altitude, but the critical frequency in the F2 layer is higher in the SSUSI reconstruction, with maximum critical frequency over this latitudealtitude slice of foF2 = 15.2 MHz and height of the critical frequency hmF2 = 326 km in the SSUSI data and foF2 = 11.1 MHz and hmF2 = 338 km the IRI model. The error bar estimate on the SSUSI reconstructed electron density in the equatorial regions is estimated to be 2 × 10 11 m -3 , equivalent to plasma frequency of f n = 8.98 × 10 -6 n e -1/2 ~ 4 MHz. The maximum plasma frequency in this slice through the equatorial arcs then ranges between 11 MHz and 19 MHz.
American Institute of Aeronautics and Astronautics 4 ** The locations and characteristics of transmitters here were chosen ad hoc simply to demonstrate the effect of irregularities on HF propagation, and are not meant to represent any particular HF system. An irregularity seen in the SSUSI data between the ionization arcs causes anomalous refraction for rays launched between 20 and 30 degrees elevation. One ray in particular intersects the top edge of the bubble, bending the ray back toward the right edge of the bubble and returning to the ground at a greater ground range than most of the other elevation ray paths. In a smooth ionosphere, this ray would have penetrated the ionosphere as the rays alongside it do. 
IV. Maximum Usable Frequency for 3000 km
MUF (3000) is an indicator of the highest frequency in the 3-30 MHz high frequency (HF) regime at a particular elevation that is refracted in the ionosphere and bent back toward Earth with a ground range smaller than 3000 km. Below this frequency, rays will bend and return to Earth, and above, rays will penetrate the ionosphere completely. Typically this measure is calculated as a monthly median value, not daily using ionospheric data or models that specify the locations of bubbles and irregularities. Here we investigate the effect that bubbles seen in SSUSI data have on the calculation of this measure by comparing the instantaneous MUF from SSUSI reconstructions for a test case along a given 3000 km circuit to the same path through a smooth ionosphere model, here taken to be IRI-2001.
Using HF ray-tracing, the instantaneous MUF is calculated by launching many rays of varying frequency at a fixed elevation to determine the frequency below which all rays return to the Earth. 13 We repeat this calculation for a series of elevations to evaluate the single hop ground range for multiple frequency-elevation pairs launched at a given azimuth. We include magnetic field effects (tilted dipole magnetic field) and trace the extraordinary ray, which results in a smaller skip distance than the ordinary ray. We preserve the ground range for the frequencies below MUF(3000) in order to visualize the behavior of the ground range over the whole elevation-frequency state space.
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For our sample case, we launched a series of rays from -14°N 21°E at a azimuth of -15° (from north) at elevations between 10 and 90 degrees in both a SSUSI reconstruction and an IRI-2001 run over the same geographic swath and date. The results are shown in Fig. 4 for the SSUSI reconstruction and The ionization arc structure along this bearing is markedly different between the SSUSI reconstruction and IRI-2001 model; however, a thin region of higher density at 280 km in altitude connecting the two ionization regions in the SSUSI reconstruction prevents the smaller density region between the arcs from playing a role in the MUF calculation. The difference in ground range between SSUSI and IRI is caused by the higher critical plasma density found in the SSUSI reconstruction This type of behavior is specific to this particular case, and other initial transmitter conditions will encounter different bubble structure. There will undoubtedly be cases like those shown in Section III where anomalous refraction will bend rays back to Earth that were otherwise thought to penetrate the ionosphere, complicating the MUF calculation. To show the effect of anomalous propagation on the MUF calculation, we use the sample case in Section III to produce a frequency-elevation ground range plot like that shown in Fig. 4 -only this time we trace the ordinary ray. The results are shown in Fig. 6 . Immediately one can pick out the effect of the bubble on propagation, the yellow area centered around 24 MHz and 32°. The bubble lengthened the ground range of rays around this frequency and elevation as it refracted around the lower density region between the arcs. The ground range no longer varies smoothly with the decrease in elevation and increase in frequency, as was the case in Fig. 4 .
Evaluation of these effects with SSUSI reconstructions are best done on a case by case basis for specific HF systems. This is due to the limitation of the size of the geographic area of the reconstruction cube. The size is set by the orbit and observation geometry of DMSP/SSUSI. In general, the width (short dimension, east to west) of the swath is approximately 1000 km and the length (long dimension, north to south) of the reconstruction is approximately 6500 km. For a subset of initial positions, elevations, and bearings, the ray will propagate outside of the SSUSI reconstruction, and the ray path becomes meaningless due to the lack of electron density information outside of the cube. For a MUF calculation, one must ensure all ray paths exit the electron density cube at the bottom or top of the ionosphere, not along the edge, providing erroneous results. The reconstructions cannot be stacked in the east-west direction due to the amount of time that has passed between orbits -the ionosphere changes significantly over this period of time, with a general movement of structure in the eastward direction. It is for these reasons that a map of MUF values over the globe (or swath for that matter) is not the best possible use for the SSUSI reconstructions -they are better suited to providing daily post-sunset ionospheric profiles over a specific operating region of an HF system. SSUSI data reconstructions are available at least once a day for a given location, providing a piece of valuable information impacting HF propagation, in addition to the monthly average calculations currently used to estimate HF impacts.
V. Conclusion
By coupling SSUSI ionosphere reconstructions with an HF ray-tracing algorithm, we evaluate the effect of irregularities forming in the post-sunset equatorial ionosphere on HF signal paths. We find that there are many individual cases in which anomalous refraction of HF signals occurs in and around the bubbles that are observed. Here we presented a case in which refraction around a bubble resulted in the return of a ray back to Earth that would have otherwise been thought to penetrate the ionosphere as the rays launched at elevations above and below it do. In other cases, these bubbles can also cause ionospheric ducting, trapping the signal in the bubble until it exits the other side.
We also presented the use of the ray tracing code to evaluate the effect of bubbles on the calculation of MUF(3000). We find that while some initial transmitter conditions in the SSUSI reconstructions will result in smoothly varying ground range with increasing frequency and decreasing elevation, as is expected in a smooth model, like IRI-2001. When anomalous refraction is present, it can result in pockets of frequency-elevation space with longer ground range. SSUSI reconstructions provide an important piece of new information -the 3D locations and shapes of plasma bubbles in the post-sunset equatorial ionosphere -that can now be used to study the effects of bubbles on HF propagation.
